An industrial application of Fe-based shape memory alloys for joining the pipes in tunnel making constructions requires the proof stress over 400 MPa and 3.5% shape recovery strain. To meet such standards in civil engineering, the Fe-base shape memory alloy containing highdensity of coherent VN precipitates has been developed by designing the composition of the Fe-28Mn-6Si-5Cr (mass%) alloy containing 1.5 vol% VN compounds. In order to make clear the mechanism of enhancement of the proof stress and shape recovery strain, crystallographic investigations were carried out using optical microscopy, X-ray diffraction and high-resolution electron microscopy. The {111}-composed octahedral shaped VN precipitates are formed coherently with a cube-to-cube orientation relationship with the matrix, i.e., ð001Þ P k ð001Þ M and ½100 P k ½100 M . The precipitates are surrounded by the misfit dislocations at every 8 layers of the (100) planes, which is in agreement with the estimation of the lattice mismatch between the precipitate and the matrix phase. The enhancement of shape recovery is explained by the reversible movement of transformation dislocations left around the precipitates in connection to the residual stress yielded by martensite transformation around the precipitates. It is also suggested that the recovery strain could be proportional to the total number of precipitates.
Introduction
A shape memory effect (SME) in Fe-Mn-Si based alloys was first reported by Sato et al. 1) in 1982. The SME occurs in these alloys due to the ''stress-induced martensitic transformation'' from fcc austenite () matrix to hcp (") martensite, which could be described by the movements of the transformation dislocations (Shockley partial dislocations). On heating the material over the A f temperature, 2) the anisotropy of residual stress that is left behind by the martensite formation provides the reverse transformation to the former crystallographic orientation of the matrix. Concomitantly, the shape is restored to the pre-deformation shape.
The Fe-based shape memory alloy has recently been paid keen attention as a replacement technique for the traditional welding method for joining the steel pipes, specifically in tunnel making and underground constructions. For the industrial application of coupling pipes in civil engineering, it is, in most cases, required to increase the proof stress of the alloy from the present 250 to 400 MPa and the shape recovery strain of 2.5% at present to over 3.5%. In order to improve the SME and the strength of materials, various investigations have been made such as centrifugal casting, 3) precipitation hardening, [4] [5] [6] thermomechanical training, 7, 8) and high-speed deformation. 9, 10) There are two points to improve the SME. One is to increase the amount of the martensite in the matrix, which is at most $30% in volume at present. Occurrence of permanent slip at heavy deformation 11, 12) prevents the further formation of martensite. It is necessary, therefore, to increase the yield strength of the alloy to prevent such un-recoverable permanent slip. The other is the improvement in the reversible movements of transformation dislocations. When the martensite transformation is ended up with the merge of the transformation dislocations at grain boundaries, they are captured in a stable state at boundaries. Instead, if the transformation dislocations are left around the coherent precipitates like Orowan loops of dislocations, they should be easier to initiate the reversible transformation.
In the present research, the Fe-Mn-Si-Cr shape memory alloys containing high density of VN precipitates have been investigated to improve the SME and the strength of material. There are earlier research works on Fe-Mn-Si based shape memory alloys containing finely dispersed NbC 4, 5) and NbN 6) precipitates. With the help of the pre-deformation of the matrix phase at high temperatures, the NbC precipitates could be formed in touch with the dispersed stacking faults introduced in the matrix. As a result, a fairly good SME ($4% recovery) and the recoverable strength of the alloy have been obtained. In this work, we study the role of VN precipitates on the improvement of SME and strength of the alloy. A special attention has been paid to the crystallography and the morphology of the precipitates. The results are discussed in connection to the mechanism of reversible movement of transformation dislocations and then to the improvement of SME and proof stress of material.
Experimental Procedures

Block sample preparation and heat treatment
The shape memory alloy used in the present study has a nominal composition of Fe-28Mn-6Si-5Cr (mass%) containing 1.5 vol% VN compounds. The alloy was prepared by melting electrolytic iron, manganese silicide, chromium, and vanadium under nitrogen overpressure in a vacuum induction furnace. The V and N compositions were determined by considering the solubility product to form the 1.5 vol% VN compounds in the alloy. After homogenization at 1423 K for 3.6 ks, the ingot was hot forged followed by hot rolling at 1373 K to reduce the thickness from the 50 mm square block to 5 mm thickness in plate shape. The samples were subsequently solid solution treated at 1423 K for 3.6 ks and then water-quenched. The aging was carried out at 973 K for 0:3$18 ks to produce the coherent VN precipitates in the matrix.
Microscopic observations and analytical methods
The preparation for the optical microscopy observations involved mechanical polishing of the specimen surface followed by etching in a 5 parts 20% Nital + 1 part Vilella's reagent.
The TEM samples were prepared by mechanical thinning until 80 mm thickness and then electropolishing in a jet polisher at 253 K with an electrolyte of 5% perchloric acid and 95% ethanol. Transmission electron microscopy investigations were performed using a Hitachi HF-2000 analytical electron microscope equipped with field emission gun operating at 200 kV and JEM-4000EX high resolution electron microscopy (HREM) operating at 400 kV with a point-to-point resolution of about 0.17 nm.
An X-ray energy dispersive spectroscopy (XEDS) system interfaced to the HF-2000 electron microscope was utilized to identify the composition of the microstructures such as precipitates and their surrounding matrix.
Measurements of strength and SME
The measurement of the strength was carried out by Vickers hardness testing on 1000-grit SiC polished surface of the specimens. The reported values are the average of five measurements.
The SME was evaluated through an extension test on the cylindrical test-pieces having 4.0 mm diameter and the gage length of 20 mm. Shape recovery strain was measured by comparing the distance between the indentation marks put on tensile specimens after pre-straining of about 5% and then heating up to 623 K.
Experimental Results
Microstructures
Figures 1(a) and (b) show the optical micrographs of the specimens aged at 973 K for 0.6 ks and 3.6 ks, respectively. Many annealing twins are observed in the micrographs, which indicates the formability of " martensites in the specimen. An average austenite grain size of about 100 mm was found in both of the samples. However, the grain boundaries in (b) are etched deeper than those in (a), because large amounts of VN compounds are formed at grain boundaries in the sample (b), while fairly small precipitates have already started to form at grain boundaries of the annealed specimens. 13) Such fine precipitates anchor the grain boundaries and prevent grain growth of the alloy. It is also clear from the aligned stripes of " martensite inside the grains that the M s temperature is slightly above the room temperature; and by comparing the (a) and (b) pictures, that the volume fraction of " martensite increases with increasing aging time. This reveals the important role of VN particles as a preferential nucleation site for stress induced martensitic transformation.
The results of the TEM observations are shown in Fig. 2 (a) for the specimen aged at 973 K for 0.6 ks, and Fig. 2(b) for the specimen aged at 973 K for 3.6 ks. The diffraction patterns inserted in the figures are those taken from the central part of the figure (a) and (b). They are both [100] zones. In Fig. 2(a) , homogeneously dispersed precipitates with the average size of about 2 nm are observed along with the streaks of strain contrast in the two different h110i directions. A larger size of precipitates about 15 nm has been observed in Fig. 2(b) . The weak diffraction spots appeared near the fundamental spots are those corresponding to the VN compounds. It is known from the X-ray diffraction analysis that the VN compound has a NaCl type crystal structure with the lattice constant a VN ¼ 0:411 nm, which is 15% larger than the lattice constant of the matrix, a ¼ 0:358 nm. 13) In Fig. 2(c) , the high-resolution electron micrograph of the precipitate observed in [100] zone is shown. The precipitates are formed coherently to the matrix phase with a rectangular projected shape. Regularly arranged moiré patterns are formed along the h100i directions. The orientation relationship between the precipitates and the matrix phase is ð001Þ P k ð001Þ M and ½100 P k ½100 M , i.e., a cube-to-cube orientation relationship.
The directions in the (111) image. Judging from these figures and also form the cubical image of the VN particles in the (100) image of Fig. 2(b) , the precipitates are revealed to have an octahedron shape composed of {111} planes. The shape of the VN precipitates will be further discussed in detail in section 4. Figure 4 (a) shows a homogeneous precipitation of VN compounds in the [100] zone. The streaks of strain contrast along h110i directions are still observed around the precipitate. High resolution micrograph of the internal structure of the precipitate is shown in Fig. 4(b) . The moiré fringes are observed at about every 8 layers of {100} planes, which is consistent with the number of layers estimated from the moiré fringe spacing D expressed as the difference of lattice constants between the precipitate and the matrix:
There were also observed disturbance of lattice fringes exactly at the position of moiré fringes. It suggests the existence of misfit dislocations surrounding the precipitates with the Burgers vector [100]. The misfit dislocations existing at every 8 layers of the matrix phase will regularly relax the misfit strain caused by the difference of lattice constants. Because both the moiré fringe and misfit dislocation should occur at every 8 layers from the edge of the precipitate, they happen to exist at the same position in the projected image of the precipitate. Figure 5 shows the results of the XEDS analysis from the matrix (a) and the precipitates (b). The analysis of the precipitates was made on the larger VN precipitates formed at 973 K after 3.6 ks aging because the precipitates at an early stage of aging were smaller ($2 nm for 0.6 ks aging) than the spatial resolution (5 nm) of the XEDS used in our research. High concentration of V was found inside the precipitates in comparison to the surrounding matrix. It was confirmed that the other elements such as Si and Cr are also rich in the precipitates but Mn atoms are rejected from the precipitates. It is the natural result of the strong affinity of Cr and Si to N atoms. However, the amount of the elements in the matrix doesn't seem to be varied so much that the M s temperature might have been changed.
XEDS analysis
SME
The experimental results of proof stress and shape recovery strain measured at different aging periods are given in Table 1 . According to the present investigations, the proof stress showed the maximum value of 400 MPa after 1.8 ks aging and decreased again to the value of about 300 MPa on further aging. On the other hand, the recovery strain by the shape memory effect increased to about 3.5% rapidly at the early stage of aging at 973 K for 1.8 ks and kept an almost constant value in the duration time of aging until 3.6 ks. Thus, the behaviors of SME and the proof stress after 1.8 ks aging are different from each other.
Discussion
The development of Fe-based shape memory alloys has been done first by changing the concentration of VN within the mother alloy of Fe-28Mn-6Si-5Cr samples (reference materials). Among the alloys containing different concentration of VN compounds, the one containing more than 2.5 vol% VN compounds was revealed to be too brittle to proceed further processes. It made a brittle fracture even when it was hot-rolled. On the other hand, the alloy containing less than 0.5 vol% VN did not show a significant improvement of SME. As the consequence, the alloy containing 1.5 vol% VN compounds was selected as a candidate for the VN containing shape memory alloys. The heat treatment was another important factor for improving the materials. The temperature of 1425 K and the time duration of 3.6 ks for the solid solution heat treatment was decided from the conditions that the homogeneous matrix phase would be obtained but the grain size be as small as possible. The aging temperature of 973 K for the coherent precipitation of VN compounds was determined from the resultant effect of precipitation on SME and the strength of materials.
Finely dispersed VN compounds obtained on aging at 973 K have yielded the precipitation hardening in the 1.5 vol% VN containing Fe-28Mn-6Si-5Cr shape memory alloy. They have increased the strength of austenite and prevented the permanent deformation caused by slip. Moreover, the VN particles are expected to be the favorable nucleation sites in the stress induced martensitic transformation. When the coherent VN precipitates are formed in the matrix, the coherency strain fields are formed around precipitates as shown schematically in Fig. 6 . On the other hand, the estimation of the stress free strain for martensite formation can be estimated using the Schmid factor. It has indicated that " martensite yields the 13% elongation along h111i direction of the matrix. If this stress free strain is partly covered by the strain produced by the precipitates, the martensite could be formed much easier in the VN containing matrix. It leads to an increase in the total amount of the martensite and as the consequence it improves the SME of the alloy.
As pointed out in the high resolution micrograph of Fig.  4(b) , however, the strain originated in the 15% difference of the lattice parameters between the precipitate and the matrix can be regularly relaxed by the introduction of misfit dislocations. This means that the stress free strain of martensite formation cannot be covered fully by such the relaxed strain around precipitates. [14] [15] [16] Consequently, the residual stress left around the precipitates passed by the martensite can now play the role which assists the reverse transformation from " martensite to matrix. When the specimen is heated up to above A f temperature, the transformation dislocations left around the precipitates start to bulge easier for the reverse transformation. It is clear in such a model that the recovery strain is proportional to the total number of precipitates. This might be the reason why the recovery strain has been almost kept constant after having attained to the value 3.5% on aging at 973 K for 0.6 ks. On the other hand, age hardening is controlled by the dispersion and the size of precipitates. At an early stage of aging at 973 K for 0.6 ks, the finely dispersed precipitates give the maximum proof stress 400 Mpa and over-aging occurs after then. Microstructural parameters such as the size, coherency and distribution of precipitates give the significant effect, as indicated in the previous section, on the SME as well as the mechanical properties of the alloy. It is also precious to identify the shape or the shape change of the precipitates. Fig. 7 . Two origins can be considered for the pyramid construction of the precipitates. One is the (equilibrium) thermodynamic origin that the surface energy and the strain energy effect are to be taken into account. In fact, the pyramid shape of the precipitates does decrease the coherency strain caused by the differences of lattice constants. The other is the kinetic origin that the slow growth velocity planes are left as the result of fast growth of other surface planes of precipitates. However, none of the details has been made clear at present. It will be analyzed in detail using microscopic theory of elasticity in a separate paper.
Conclusions
The Fe-28Mn-6Si-5Cr shape memory alloy containing high-density of coherent VN precipitates has been developed to improve the proof stress and the recovery strain of the shape memory alloy. The fine coherent VN compounds are homogeneously formed in the matrix on aging at 973 K. They have increased the proof stress to the value of 400 MPa from the 250 MPa of the reference material (Fe-28Mn-6Si-5Cr shape memory alloy). At the same time, the improvement in shape recovery from 2.5% to 3.4% was obtained by aging for 0.6 ks. At the stage of solid solution treatment of materials that has been done at 1423 K for 3.6 ks, fairly fine precipitates are formed on the grain boundaries. They have prevented further grain growth of the matrix and as a result, the strength of alloy has been kept constant during the aging at 973 K for 0:6$3:6 ks.
The coherent VN compounds were identified to have a NaCl type crystal structure having a cube-to-cube orientation relationship with the matrix. The precipitates have been surrounded by the misfit dislocations at every 8 layers of the (100) planes, which is in agreement with the estimated layers for the misfit dislocations to be introduced. HREM observations have revealed the {111}-composed octahedron shape of VN precipitates. The elastic strain fields arising from the lattice mismatch between VN particles and the matrix assist the reverse movement of transformation dislocations that might be left around the precipitates by martensite transformation. It leads to an enhancement of shape recovery.
